Abstract. microRNAs (miRNAs) are short noncoding RNAs, which modulate the expression of numerous genes by targeting mRNAs. Numerous abnormal miRNA expression patterns are found in various human malignancies, and certain miRNAs act as oncogenes or tumor suppressors. microRNA-155 (miR-155) may not only function as an oncogene but also as a tumor suppressor in various types of cancer cells, such as melanoma. Although miR-155 has been found to be upregulated in glioma, its role has not yet been eludicated in glioma tumorigenesis. Based on the prediction of the target genes of miR-155, we hypothesized that there is a significant association between miR-155 and FOXO3a, a negative regulator of Akt signaling. In the present study, we found that FOXO3a expression was significantly downregulated and miR-155 was upregulated in a panel of glioma cells and tissue specimens. Furthermore, we demonstrated that miR-155 induced cell proliferation by inhibiting apoptosis and promoted the migration and invasiveness of glioma cells, while miR-155 had no effect on the cell cycle as determined by gain-of-function and loss-of-function experiments. Moreover, we confirmed that miR-155 downregulated the expression of FOXO3a by directly targeting its 3'-UTR. These findings indicate that miR-155 may function as an oncogene by targeting FOXO3a in the development and progression of glioma.
Introduction
Glioma is the most common primary malignant brain tumor in adults, and the prognosis and survival rate for patients with glioma are still extremely poor despite major therapeutic improvements (1) . Particularly, glioblastoma multiforme is the most malignant form of glioma according to the current WHO classification of brain tumors (2, 3) . Exploring the molecular mechanism involved in glioma tumorigenesis and progression has become an urgent demand for developing novel therapeutic strategies for glioma. Recent studies have reported the alteration of miRNAs in brain cancer cells, indicating their roles as oncogenes or tumor suppressors (4) (5) (6) . microRNAs (miRNAs) comprise a specialized subset of small cytoplasmic noncoding RNAs between 19 and 24 nucleotides in length. It was found that miRNAs play an important role in regulating various biological processes such as cell proliferation, differentiation, apoptosis, the cell cycle, migration, invasion, neuron development and tumori genesis (4) (5) (6) . miRNAs can function as tumor suppressors or oncogenes, depending on the target genes (7) and mainly exert their regulatory effects at the post-transcriptional level by targeting complementary or partly complementary mRNAs and inducing mRNA cleavage or translation repression (8) . microRNA-155 (miR-155) is one of the miRNAs most frequently involved in cancers, and was initially implicated in the oncogenesis of hematopoietic malignancies based on the finding that BIC/ miR-155 expression is upregulated in B-cell lymphomas and chronic lymphocytic leukemia (9) . miR-155 was also found to be overexpressed in various solid tumors, including lung, colon, breast, cervical, and thyroid cancers (10) (11) (12) (13) .
Of the mammalian Forkhead transcription factors, FOXO3a is one member that has emerged as a versatile target for a number of disorders, including various tumors. Previously, it has been reported that FOXO3a regulates oxidative detoxification, DNA damage response and stimulates DNA repair pathways (14, 15) . With respect to apoptotic death, Foxo3a has been shown to modulate a ligand activating a Fas-mediated death pathway (16) and to induce tumor necrosis factor-related apoptosis-induced ligand (TRAIL) and the BH3-only proteins Noxa and Bim (17, 18 (19, 20) and induce the repression of anti-apoptotic molecules FLIP and BCL-XL (21) . Shiota et al demonstrated that FOXO3a may repress cancer cell aggressiveness through negative regulation of Twist/YB-1 signaling, in addition to its positive effects on E-cadherin in the progression of urothelial cancer (22) . Although miR-155 has been found to be upregulated in glioma, its role has not yet been defined in glioma tumorigenesis. Based on the prediction of target genes of miR-155, we hypothesized that there is a significant association between FOXO3a and miR-155. In the present study, we investigated the effect of miR-155 on the proliferation and invasion of glioma cells using loss-of-function and recovery experiments. Furthermore, we aimed to determine whether miR-155 could directly bind to FOXO3a. The results suggest that miR-155 serves as an oncomiR and a regulator of FOXO3a expression in glioma.
Materials and methods
Cell culture and human tissue samples. The glioma cell line U251 was obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). U87, U373, SHG44 and T98 cells were gifts from the Neuroscience Institute of Soochow University. The normal human astrocyte 1800 cell line was obtained from the American Type Culture Collection (Manassas, VA, USA). All cells were cultured at 37˚C in a humidified atmosphere containing 5% CO 2 and maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco, Paisley, UK) supplemented with 10% heat inactivated fetal bovine serum (FBS; Gibco, USA), 100 µg/ml streptomycin and 1 U/ ml penicillin.
Fresh glioma specimens were obtained with written informed consent from 7 patients with glioma who underwent surgery at the First Affiliated Hospital of Soochow University. None of the patients had received radiotherapy or chemotherapy prior to surgery. Two normal brain tissue samples were obtained from patients who underwent surgery for cerebral trauma. The resected tissue samples were immediately snap frozen in liquid nitrogen until use. All human materials were used in accordance with the policies of the local institutional review boards.
Real-time PCR. Total RNA was extracted with TRIzol (Invitrogen, Oslo, Norway). For mature microRNA expression analysis, miR-155 was detected using an All-in-One™ miRNA qRT-PCR Detection kit (GeneCopoeia, Rockville, MD, USA) according to the manufacturer's instructions. For mRNA, total RNA isolated from glioma samples and cells were subsequently reverse transcribed to cDNA using All-in-One First-Strand cDNA Synthesis kit (GeneCopoeia). The synthesized cDNA was then used to amplify gene regions by quantitative PCR using the All-in-One qPCR mix (GeneCopoeia catalog no. AOPR-0200). The U6 small nuclear RNA and GAPDH mRNA were used as internal controls for miR-155 and FOXO3a mRNA, respectively. Relative expression was calculated using the ∆∆Ct method. The reactions were placed in a 96-well plate (ABI) using the 7500 Real-Time PCR system (Applied Biosystems).
Western blot analysis. Protein of the treated cell lines was extracted by mammalian protein extraction reagent (Pierce, USA) supplemented with protease inhibitors and phosphatase inhibitor cocktail (Sigma, USA). Protein (25 µg) samples were separated on a 10% SDS-PAGE gel and then transferred to PVDF membranes. After blocking with 1% BSA (Amresco, USA), the membranes were incubated with antibodies against FOXO3a (75D; Cell Signaling, Danvers, MA, USA) diluted 1:1000 or β-actin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) diluted 1:2000 overnight at 4˚C; the membrane was washed and then incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit (Dako, Glostrup, Denmark) or goat anti-mouse (Santa Cruz Biotechnology, Inc.) secondary antibody diluted 1:2000 for 2 h. The membrane was washed again, and the antigen-antibody reaction was visualized using an ECL detection system. All experiments were repeated in triplicate.
miRNA transfection. miR-155 mimics, miR-155 inhibitor and the respective negative control (miR-NC and anti-NC) were designed and synthesized by GenePharma (Shanghai, China). The miR-155 inhibitor is single-stranded RNA molecules, which can specifically knock down endogenous miR-155. Cells were transfected using Entranster-R (Engreen Biosystem Co., Ltd., China). Transfection complexes were prepared according to the manufacturer's instructions and added directly to the cells in serum medium. miR-155 mimics and miR-NC were transfected to U251 cells, which expressed low levels of miR-155; miR-155 inhibitor (anti-miR-155), inhibitor NC (anti-NC) were transfected to U87 cells, which expressed high levels of miR-155.
Cell proliferation. Cell counts were determined using Cell Counting Kit-8 (Dojindo, Japan). Three thousand cells per well were seeded in a 96-well plate and incubated for 24 h, and the cells were transfected with miR-155 mimics, miR-155 inhibitor or NC at the final concentration of 50 nM/µl. Ten microliters of Cell Counting Kit-8 was added to 100 µl cell culture media and incubated for 2 h in CO 2 incubator at 12, 24, 48 and 72 h after transfection. Absorbance was measured at 450 nm. Three independent experiments were performed.
Cell cycle analysis. Cell cycle distribution was assessed using a flow cytometer (FC500 Flow Cytometer; Beckman Coulter, USA). According to the manual from the cell cycle analysis kit (Beyotime, China), cells were allowed to inoculate and adhere for 24 h in 6-well plates. Then miR-155 mimics, miR-155 inhibitor and NC were transfected into cells of the respective well, and cells were incubated for a further period of 24 h, then trypsinized, washed three times in cold phosphate-buffered saline (PBS), fixed in 70% absolute ice-cold ethanol, kept at 4˚C overnight and stained in a mixture of propidium (PI) RNase A; the stained cells were analyzed using flow cytometry. This experiment was repeated three times.
Cell apoptosis assay. Cells were transfected with miR-155, antimiR-155, or NC at 50% confluence. After 48 h, the adherent cells were harvested by trypsinization and were washed with PBS once and resuspended in 500 µl of 1X binding buffer (Annexin V/FITC kit; Sigma). Then, 10 µl Annexin V/FITC and 5 µl propidium iodide were added into the binding buffer, and the tubes were incubated at room temperature for exactly 10 min in the dark. The fluorescence of the cells was immediately determined with a flow cytometer.
Monolayer wound healing assay. Migratory ability was determined using a wound healing assay. Cells were grown in 10% FBS medium on 6-well plates. After the cells reached sub-confluence, the cells were wounded by scraping the monolayer with a 200-µl pipette tip and grown in 1% FBS medium. The floating cells were removed by gentle washes with culture medium. The healing process was dynamically examined and was recorded with a digital camera at 24 h after the wound was created.
Transwell invasion assay. For the Transwell assay, 2x10 4 transfected cells were plated into 24-well Boyden chambers (Corning Costar, Cambridge, MA, USA), with an 8-µm pore polycarbonate membrane, which was coated with 30 µg of Matrigel (BD Biosciences, San Jose, CA, USA). Cells were in the upper chamber with 200 µl of serum-free medium, and medium containing 20% FBS was added to the lower chamber to serve as a chemoattractant. After 36 h, the cells were washed 3 times with PBS. Non-invasive cells were removed from the upper well by cotton swabs, and the invasive cells were then fixed with paraformaldehyde for 15 min, air-dried, and stained with 0.1% crystal violet for 15 min. The cells were recorded with a digital camera.
Luciferase activity assay. DNA fragments from 3'-UTR of FOXO3a that host the predicted complementary sites of miR-155 were cloned to downstream of the Renilla luciferase reporter gene in psiCHECK2 dual luciferase reporter plasmid (Promega, Madison, WI, USA). We amplified a 2192-bp FOXO3a 3'-UTR region containing four tandem repeats of miR-155 response element, which includes the artificial XhoI and NotI enzyme restriction sites with forward primer 5'-TGTTGTTCTTGTG TTTGTTTTCC-3' and reverse primer 5'-ATTCTCCTGATC TGTTTTGTGCT-3'. The amplified fragments were then cleaved with the XhoI and NotI enzymes (New England BioLabs, Ipswich, MA, USA) as well as psiCHECK2 vector (Promega), and the above-prepared fragment and psiCHECK2 vector were then ligated by T4 DNA ligase (New England BioLabs). The recombined vector was named psi-FOXO3a.
U251 or U87 cells were seeded at 1x10 5 cells per well in 24-well plates. At 24 h after the plating, cells were transfected by Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. In each well, 800 ng psi-FOXO3a vectors were co-transfected with 50 pmol miR-155 mimics, miR-155 inhibitors or NC accordingly. There were four replicates for each group, and the experiment was repeated at least three times. At 24 h after transfection, cells were harvested by passive adding of 100 µl buffer. Renilla luciferase activities in the cell lysate were measured with the Dual-Luciferase Reporter assay system (Promega) in TD-20/20 luminometer (Turner Biosystems, Sunnyvale, CA, USA) and were normalized to the firefly luciferase activities.
Statistical analysis. Data shown in the graphs represent the mean values ± SD of three independent experiments performed. The difference among groups was determined by ANOVA analysis and comparison between two groups was analyzed by the Student's t-test using GraphPad Prism software version 4.0 (GraphPad Software, Inc., San Diego, CA, USA). A value of P<0.05 was considered statistically significant.
Results

Expression of FOXO3a in glioma cell lines and human glioma tissues.
To explore the role of FOXO3a in glioma, we used western blotting to detect the expression level of FOXO3a in glioma cell lines, human glioma and normal brain tissues. The findings showed that five carcinoma cell lines (U251, U87, Figure 1 . Expression of FOXO3a in glioma cell lines and human glioma tissues. Western blot analysis showed that levels of FOXO3a in human glioma cell lines (U373, SHG44, T98, U251 and U87) (A) and glioma tissue specimens (B) were significantly lower than those in the astrocyte 1800 cell line and human normal brain tissue samples, respectively. As a normalizing control, β-actin was also detected in the same blot. Real-time PCR assays showed no statistical significant difference in FOXO3a mRNA expression between glioma cell lines and the normal astrocyte 1800 cell line (C) or between glioma tissue specimens and/or normal brain tissue (D).
U373, T98 and SHG44) presented lower expression of FOXO3a protein when compared with the normal astrocyte 1800 cell line (Fig. 1A) . Among all glioma cell lines, the highest expression of FOXO3a was detected in U251 cells, while the lowest expression was observed in U87 cells. Moreover, FOXO3a levels in glioma tissue were significantly lower than those in normal brain tissues (Fig. 1B) . However, no significant difference in FOXO3a mRNA was observed between glioma cell lines, and between human glioma tissues, respectively ( Fig. 1C  and D) .
miR-155 is upregulated in glioma cell lines and the glioma samples.
To determine whether miR-155 plays a role in glioma tumorigenesis, we conducted real-time quantitative PCR to quantify mature miR-155 in five glioma cell lines (U251, U87, U373, T98 and SHG44) and seven glioma tissue samples, using the normal human astrocyte 1800 cell line and two normal brain tissue samples as corresponding controls. As shown in Fig. 2A , miR-155 expression was notably upregulated in five glioma cell lines, when compared to that in the normal astrocyte 1800 cell line. Among all glioma cell lines, the U87 cell line expressed the highest level of miR-155 (9-fold compared to the normal control) and U251 cell line expressed the lowest level of miR-155 (3.5-fold compared to the normal control) (Fig. 2A) . Higher expression of miR-155 was observed in all glioma tissue samples (Fig. 2B ).
FOXO3a is a direct target of miR-155.
TargetScan prediction in silico and previous studies indicated that FOXO3a is the theoretical target gene of miR-155 (Fig. 3A) . To test this possibility, fragments of 3'-UTR of human FOXO3a containing miR-155 complementary sites were cloned into psiCHECK2 dual luciferase reporter plasmid. When the psi-FOXO3a vector was co-transfected with miR-155, the luciferase activity of the vector was dramatically decreased (P<0.05) compared with those co-transfected with miR-NC and Mock in U251 cells (Fig. 3B) . As expected, the luciferase levels of psi-FOXO3a-3'-UTR in U87 cell lines were restored after transfection with the miR-155 inhibitor (Fig. 3C) .
By performing western blot analysis, a pronounced reduction in FOXO3a protein level was noted in the U251 cells in which miR-155 is overexpressed and an increase in U87 cells in which miR-155 is downregulated (Fig. 3D) . However, no significant difference in FOXO3a mRNA was observed between cells overexpressing/underexpressing miR-155 and those with NC ( Fig. 3E and F) . This raised the possibility that miR-155 suppresses FOXO3a protein synthesis by a post-transcriptional repression mechanism, via its 3'-UTR complementary sites.
miR-155 increases cell proliferation by inhibiting apoptosis in glioma cells. In order to explore the functional role of miR-155 on the growth of glioma cells, we performed cellular proliferation assays (CCK-8 assay) in U87 and U251 cells and found that cell proliferation was dramatically decreased in U87 cells after transfection with the miR-155 inhibitor, while proliferation was increased in U251 cells transfected with miR-155 mimics (P<0.05) (Fig. 4A and B) . Then, we carried out cell apoptosis and cell cycle assays to examine whether the reduction in cell proliferation was due to increased apoptosis or attenuated cell cycle induced by downregulation of miR-155. The U87 cells transfected with the miR-155 inhibitor were found to exhibit an enhanced apoptosis rate, compared to the anti-NC and Mock groups, while U251 cells transfected with miR-155 mimics exhibited the opposite results ( Fig. 4C and D) , while the alteration of miR-155 expression was ineffective on the cell cycle distribution of glioma cells (Fig. 4E and F) . These results suggest that miR-155 increases the cell proliferative ability by inhibiting apoptosis in glioma cells.
miR-155 promotes the migration and invasion of glioma cells.
To investigate whether miR-155 has a direct functional role in facilitating glioma cell migration and invasion, we evaluated cancer cell invasion through Transwell assay and assessed migration through a wound healing assay. As shown in Fig. 5 , inhibition of miR-155 impeded the migration of U87 cells by ~50% when compared with the control. Similarly, invasion of U87 cells was reduced by 59% following inhibition of miR-155 (Fig. 6) . Conversely, transfection of U251 cells with miR-155 mimics promoted cell migration and invasion ability by 2-fold ( Fig. 5 and 6 ). These data suggest that miR-155 is an onco-miRNA that can promote cell migration and invasion in glioma cells.
Discussion
miR-155 has emerged as an essential regulator of cellular physiology, and deregulation of miR-155 is implicated in a wide range of diseases, including pituitary adenoma, multiple malignant tumors, myelodysplastic syndrome and Down syndrome (23) (24) (25) (26) . miR-155 has been extensively investigated in immunology and lymphoma; however, it is only evident that miR-155 expression is increased in glioma, and to date the detailed function of miR-155 remains elusive. In the present study, we also found that miR-155 was upregulated in glioma cell lines and all glioma tissue samples, and we transfected the miR-155 inhibitor and miR-155 mimics into U87 and U251 cells, repectively, to evaluate glioma cell proliferation, the cell cycle, apoptosis, migration and invasion. The results suggest that miR-155 may not only enhance cell proliferative ability by inhibiting apoptosis but also may promote cell migration and invasion in glioma cells.
To further elucidate the molecular mechanisms and improve our understanding of the regulatory function of miR-155 in glioma, we first analyzed the expression of FOXO3a, which was predicated as a target of miR-155, and found that expression of FOXO3a protein was markedly attenuated in glioma cells and human glioma tissues. It was reported that inactivation of FOXO3a in glioma cells led to the downregulation of Bim, a pro-apoptotic protein (20) . Hu and colleagues demonstrated that expression of FOXO3a exerts an inhibitory effect on tumorigenesis and cell growth in breast cancer cells (27) . In cancer cells, suppression of FOXO3a was believed to be due mainly to the activation of multiple onco-kinases such as Akt, SGK and IKK. However, the dysregulation of FOXO3a can be caused by various mechanisms, including miRNA regulation. Subsequently, we used two different methods to determine whether FOXO3a is a bonafide target of miR-155. Overexpression of miR-155 caused the reduction in FOXO3a protein albeit there was no difference in FOXO3a mRNA expression between miR-155-overexpressing and negative control cells. These results are consistent with previous data, which indicated that miR-155-induced silencing appears to occur only through translational repression without affecting mRNA levels (28) . Furthermore, the luciferase activity assay demonstrated that downregulation of FOXO3a was mediated by miR-155, which may target 3'-UTR of FOXO3a. Thus, our findings support the hypothesis that the effect of miR-155 on proliferation and invasion of glioma cells may be attributed to the downregulation of FOXO3a, via directly targeting the FOXO3a-3'-UTR.
However, an opposite trend in the expression of miR-155 has been observed in other types of cancer. For example, miR-155 was found to be downregulated in melanoma when compared with non-cancerous tissue and could mediate melanoma growth inhibition via SKI gene silencing (29) . As exemplified by miR-10b, it was found to be overexpressed in glioma and induced glioma cell invasion by modulating tumor invasion factors MMP-14 and uPAR expression via the direct target HOXD10 (30) . However, Moriarty et al found that miR-10b was downregulated and inhibited Tiam1-mediated Rac activation to suppress migration and invasion of breast carcinoma (31) . In addition, overexpression of miR-30 inhibited apoptosis via suppression of p53 expression in cardiomyocytes (32) , while upregulation of miR-30 induced apoptosis by targeting Ubc9 in breast cancer cells (33) , suggesting that a single miRNA may have several distinct functions in different cell types, which likely depends on the availability of specific targets or downstream effectors. Therefore, it is extremely important to validate targets of miR-155 by further functional assays.
In summary, we demonstrated that miR-155 is markedly upregulated in human glioma, and is able to downregulate FOXO3a expression to enhance the proliferative and invasive ability of glioma cells, suggesting that silencing of miR-155 expression may be a novel strategy for the treatment of human glioma.
